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Measurements of air dose rates for 192 houses in a less contaminated area (<0.5 mSv h1) of the
Fukushima Prefecture in Japan were conducted in both living rooms and/or bedrooms using optically
stimulated luminescence (OSL) dosimeters and around the houses via a man-borne survey at intervals of
several meters. The relation of the two air dose rates (inside and outside) for each house, including the
background from natural radionuclides, was divided into several categories, determined by construction
materials (light and heavy) and ﬂoor number, with the dose reduction factors being expressed as the
ratio of the dose inside to that outside the house. For wooden and lightweight steel houses (classed as
light), the dose rates inside and outside the houses showed a positive correlation and linear regression
with a slope-intercept form due to the natural background, although the degree of correlation was not
very high. The regression coefﬁcient, i.e., the average dose reduction factor, was 0.38 on the ﬁrst ﬂoor and
0.49 on the second ﬂoor. It was found that the contribution of natural radiation cannot be neglected
when we consider dose reduction factors in less contaminated areas. The reductions in indoor dose rates
are observed because a patch of ground under each house is not contaminated (this is the so-called
uncontaminated effect) since the shielding capability of light construction materials is typically low.
For reinforced steel-framed concrete houses (classed as heavy), the dose rates inside the houses did not
show a correlation with those outside the houses due to the substantial shielding capability of these
materials. The average indoor dose rates were slightly higher than the arithmetic mean value of the
outdoor dose rates from the natural background because concrete acts as a source of natural radionu-
clides. The characteristics of the uncontaminated effect were clariﬁed through Monte Carlo simulations.
It was found that there is a great variation in air dose rates even within one house, depending on the
height of the area and its closeness to the outside boundary. Measurements of outdoor dose rates
required consideration of local variations depending on the environment surrounding each house. The
representative value was obtained from detailed distributions of air dose rates around the house, as
measured by a man-borne survey. Therefore, it is imperative to recognize that dose reduction factors
ﬂuctuate in response to various factors such as the size and shape of a house, construction materials
acting as a shield and as sources, position (including height) within a room, ﬂoor number, total number
of ﬂoors, and surrounding environment.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Comprehensive environmental monitoring due to the Fukush-
ima Dai-ichi Nuclear Power Plant (NPP) accident (NERHGJ, 2011)
has been performed as a national project since June 2011 with
funding from the Ministry of Education, Culture, Sports, ScienceSafety Center, Japan Atomic
100-8577, Japan.
atsuda).
Ltd. This is an open access article uand Technology and the Nuclear Regulation Authority (Saito and
Onda, 2015). As part of this environmental monitoring, several
types of surveys such as air-borne surveys (Sanada and Torii, 2015),
car-borne surveys (Andoh et al., 2015) and man-borne surveys are
regularly conducted in parallel with measurements by portable
survey meters (Mikami et al., 2015). The obtained data on air dose
rates have been provided to all parties concerned and are both
reliable and detailed. The numerical data and plotted data in map
from are available on the Web (JAEA, 2014). In addition to outdoor
data, indoor dose rates are required to assess the exposure to thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
N. Matsuda et al. / Journal of Environmental Radioactivity 166 (2017) 427e435428public living in the contaminated area because a greater amount of
time is generally spent indoors than outdoors.
Dose reduction factors, summarized by Burson and Proﬁo
(1977), are useful quantities for performing a realistic assessment
of indoor dose rates in various situations such as, in this case, the
passing by of a cloud source of radioactive nuclides and the depo-
sition of a fallout source on the soil (IAEA, 1979, 2000). The rec-
ommended values and ranges are determined on the basis of
measurements and calculations for transport vehicles and struc-
tures where people live and work (Burson and Proﬁo, 1977 and
references therein). About half a year later after the Fukushima
accident, a criterion value for the designation of the Intensive
Contamination Survey Area of 0.23 mSv h1 was determined on the
basis of the dose reduction factor of one- and two-story wood
frame homes and the typical pattern of life by the Ministry of
Environment (MOE, 2014). No studies on dose reduction factors
accounting for various situations had been conducted in Japan until
then. Therefore, the factor being expressed as the ratio of the dose
inside to that outside the house was not obtained on the basis of
Japanese-style houses. Moreover, the factors have been incorrectly
understood throughout Japan as representing the shielding factors
of the construction materials of a house.
For typical European houses, Jacob and Meckbach (1987) esti-
mated air dose rates through Monte Carlo simulations, accounting
for differences in source strengths for different material surfaces in
urban and suburban environments. Their results suggested that air
dose rates vary from place to place. Furthermore, based on mea-
surement data after the Chernobyl accident, location factors were
deﬁned as one of the components of the calculation models
required to assess external dose distributions to the population in
contaminated areas (Jacob and Meckbach, 1987; Meckbach and
Jacob, 1988; Golikov et al., 1999, 2002; Likhtarev et al., 2002;
Jacob et al., 1996; UNSCEAR, 2013). These location factors were
introduced to measure the typical changes in air dose rates at
different locations over time. One class of location accounted for by
these factors was the interior of a house. The well-established
model (UNSCEAR, 2008) for the radionuclides derived from the
Chernobyl accidents was applied to the assessment of public
exposure in Japan (UNSCEAR, 2013). In the UNSCEAR 2013 report,
the location factors for Japanese houses were determined from the
European factors owing to a lack of measurement data for Japan.
After the Fukushima accident, some measurements and calcu-
lation analysis were performed to calculate the appropriate dose
reduction factors for Japan. Yajima et al. (2012) measured air dose
rates inside and outside buildings in Kawamata Town, Japan, where
the dose rates were greater than 1.0 mSv h1 outdoors. Furuta and
Takahashi (2014, 2015) estimated detailed spatial distributions for
air dose rates inside and outside several representative houses
typical in Fukushima and studied typical public buildings using
Monte Carlo simulations. Yoshida-Ohuchi et al. (2014) studied
around 70 houses in Iitate Village and Odaka District in Minami-
Soma City, Fukushima. These administrative districts have been
designated as a Deliberate Evacuation Area and a Restricted Area,
respectively. The measurements were performed in relatively
heavily contaminated areas northwest of the Fukushima Dai-ichi
NPP. These data remain insufﬁcient compared with those previ-
ously obtained in Europe and the United States, particularly as data
are lacking for less contaminated areas. Such data are currently
required as local residents are returning home after the lifting of
the evacuation directive.
The purpose of this study is to clarify the relationship between
external dose rates inside and outside houses and to perform entire
house measurements for 192 houses in a less contaminated area in
Fukushima. To improve our understanding of this relationship,
some complementary Monte Carlo simulations have beenperformed. For measurements of outdoor air dose rates, man-borne
surveys were conducted at each house as the most realistic
approach for the best representation.
2. Materials and methods
2.1. Measurement locations and the details
Volunteers who provided their houses for measurements were
randomly selected from a total of 192 locations south of the
Fukushima Dai-ichi NPP, for example, Iwaki City, Koriyama City,
Shirakawa City, Tamura City, Kawauchi Village and Hirono Town, in
the Fukushima Prefecture, as shown in Fig. 1. These cities, towns,
and villages were in areas that were relatively less contaminated
(<0.5 mSv h1) with radioactive nuclides derived from the
Fukushima Dai-ichi NPP. The inhabitants of the houses were asked
to ﬁll in a questionnaire giving information about their house, a
classiﬁcation of the construction type (wooden, reinforced steel-
framed concrete, or lightweight steel construction), the ﬂoor
numbers, and the room layouts (including installation positions of
instruments for measuring purposes). The construction types were
important for classifying the shielding capabilities of the houses. In
this study, the types of construction were divided into two cate-
gories: light (wooden and lightweight steel) and heavy (reinforced
steel-framed concrete). The shielding effects for light construction
materials cause a reduction, at most, of 30% (Burson and Proﬁo,
1977; Furuta and Takahashi, 2014). The numbers of houses classi-
ﬁed as having wooden, reinforced steel-framed concrete, and
lightweight steel constructions were 158 (81.8%), 30 (15.6%), and 5
(2.6%), respectively. According to the 2008 Housing and Land Sur-
vey (MIC, 2008), planned and administered by the Statistics Bureau,
the Ministry of Internal Affairs and Communications of Japan (MIC),
the percentages of wooden, concrete, and steel constructions in the
Fukushima Prefecture are 78.7%, 15.2%, and 5.9%, respectively. The
percentages obtained from our survey are therefore close to those
of the statistical data. The ﬂoor numbers and installation positions
of dosimeters in the houses are also important because air dose
rates within a house vary due to uncontaminated effect described
in Appendix A, depending on the height from the ground and the
distance to the outside boundary. The fallout sources deposited on
the surface of a roof (hereinafter called roof sources) increase air
dose rates within a house, in contrast to the uncontaminated effect.
The roof sources can increase indoor dose rates by up to 30% in
comparison with outdoor dose rates (Burson and Proﬁo, 1977). The
contribution changes with distance from the roof (the total number
of ﬂoors) and contamination levels after radionuclides were de-
tached from the surface of a roof due to natural weathering
processes.
2.2. Measurements of air dose rates in houses
Measurements in the houses were performed with Optically
Stimulated Luminescence dosimeters (OSL dosimeters; Quixel
Badge for environment, Nagase-Landauer Ltd., Tsukuba, Japan).
Four small chips of 7 mm diameter coated with a-Al2O3:C powder
were enclosed in a 22 mm  58 mm  8 mm plastic container with
three ﬁlters, for example, a plastic ﬁlter (0.7-mm thick), a copper
ﬁlter (0.4-mm thick), and an aluminum ﬁlter (0.7-mm thick) for
energy compensation. The details of the OSL dosimeter have been
reported by Suzuki and Ito (2001). OSL dosimeters have a good dose
linearity of <5% for gamma-rays, ranging from 50 mSv to 1 Sv. The
responses of the OSL dosimeters to cosmic rays and self-
contamination were estimated from control measurements per-
formed in an uncontaminated region using the same type of OSL
dosimeters set in a 10 cm-thick lead shield to reduce gamma-rays
Fig. 1. The locations of the 192 houses used for the measurements: Iwaki City (64), Koriyama City (17), Shirakawa City (17), Tamura City (19), Kawauchi Village (27), Hirono Town
(32), and others (16) in the Fukushima Prefecture.
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OSL dosimeters, a set of four dosimeters was installed at a level of
50 cm from the ﬂoor in living rooms and/or bedrooms (shown in
Fig. 2) for approximately 1 month during a few months from
November 2013 to February 2014. These are living spaces where
inhabitants spend a major part of their time in their daily lives. A
traditional Japanese wooden house has tatami rooms. If there is a
tatami living room, inhabitants relax sitting directly on a tatami. In
addition, if there is a tatami bedroom, they sleep on a futon directly
laid on a tatami. The installation height of 50 cmwas determined by
considering these facts because the exposure of the inhabitants
occurs mostly at around this height. The height from the ground
surface is then approximately 1 m because the ground-ﬂoor levels
are designed to be approximately several tens of centimeters above
the surface of the ground for ventilation. The installation positions
of the OSL dosimeters, were allowed to be as close to a wall as
possible, even though this could cause overestimation of the airdose rate in a house, because air dose rates change rapidly around
the house boundaries (i.e., walls) because of the uncontaminated
effect. If possible, pairs of OSL dosimeters were installed on inner
walls and/or on interior window glass on the outside of the living
room or bedroom to investigate the ﬂuctuations in air dose rates
due to the installation position within the room.2.3. Data analysis of air dose rates in houses
The following procedure (shown in Fig. 3) was performed to
obtain the air dose rates from the cumulative dose measured by a
set of OSL dosimeters. Two different categories of OSL dosimeters
were prepared: “sample dosimeters” for measuring the cumulative
dose in a house and “control dosimeters” for the subtracting the
cumulative dose from outside the installation time and the
contribution during the installation time of the background, such as
cosmic rays and the self-contamination of dosimeters.
Fig. 2. Examples of the environments surrounding the houses, with routes for the man-borne survey, and the installation positions of OSL dosimeters inside the houses.
Fig. 3. Flow of each OSL dosimeter (sample and control dosimeters).
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speciﬁc house (P1).
2. The sample dosimeters were installed in the living room and/or
a bedroom of the house (P2).
3. The control dosimeters were returned by mail as soon as
possible to the location used for the control measurements (the
control ofﬁce), which had been barely contaminated by the
Fukushima Dai-ichi NPP accident (P3).
4. The sample and control dosimeters were kept in each place for
approximately 1 month (P4).
5. The sample dosimeters were transported by mail to the control
ofﬁce soon after the measurements in the house were ﬁnished
(P5).
6. Both the sample dosimeters and control ones were read to
obtain the cumulative doses (P6).
Air dose rates in a living room and/or bedroom, H, in terms of







where Dsample (mSv) and Dcontrol (mSv) are the cumulative doses
recorded on the sample and control dosimeters, respectively, t (h) isthe installation time of both dosimeters, and Hbg (mSv h1) is the
background dose rate at the control ofﬁce, not including cosmic
rays and self-contamination of the dosimeters, which is
0.017 ± 0.006 mSv h1. The background dose rate at a speciﬁc house
in Fukushima dose not quite tally with that at the control ofﬁce.
Hence, the Hbg factor was added to reproduce the background dose
rate from natural radionuclides without cosmic rays at the speciﬁc
house. For the subtraction of Dcontrol from Dsample, the cumulative
dose from cosmic rays was assumed to be approximately the same
for each house and at the control ofﬁce because of the close
geomagnetic latitude. The average standard deviation among the
four OSL dosimeters was 6%, and uncertainties due to the time
required for the transportation of the OSL dosimeters to the control
ofﬁce were estimated to be 3%e7% because the dosimeter instal-
lation time has an uncertainty of a day or two.2.4. Measurements of air dose rates around houses via man-borne
survey
Burson and Proﬁo (1977) and Jacob and Meckbach (1987)
deﬁned reference sites outside each house for comparison with
indoor dose rates. Burson and Proﬁo (1977) drew a distinction be-
tween a hypothetical reference site and a real environment. Ground
roughness, including irregularities in the surface and terrains, as
well as large surface irregularities in the environment, including
hills, washes, curbs, and ditches, can cause air dose rates to vary in
many ways. Jacob and Meckbach (1987) indicated that outdoor
dose rates are variable depending on the surrounding environment
because of differences in the time-dependent effective source
strengths (i.e., the relative inventory of the remaining radioactive
nuclides) of urbanmaterials. Essentially, the absolute inventories at
the time of deposition vary signiﬁcantly even in a small area. Hence,
a unique representative location for measurements or evaluations
does not exist and is difﬁcult to choose in a real environment.
In consideration of the above issues, a man-borne survey within
a 100-m radius around the houses was conducted with the second
generation of the Kyoto University RAdiation MApping system
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provides real-time observations at 3-s intervals. The dose rate
linearity of KURAMA-II is within 15% for 137Cs gamma-rays, with a
range from 0.2 to 30 mSv h1. Detailed distributions of air dose rates
at intervals of several meters were measured by walking down
public roads and streets around the target houses outside the pri-
vately owned areas. Two example cases of measurements for target
houses and their surrounding environments within a 100-m radius
are presented in Fig. 2 with walking routes for the man-borne
surveys. The environments around a target house in a residential
area such as that in Fig. 2a are complicated, while those in rural
areas such as those in Fig. 2b aremuch less complicated because the
roads simply consist of a main road and a branch road. In this study,
the area-averaged value for all target houses of air dose rates within
a 100-m radius was determined as a realistic approach to obtain the
representative value. Note that the air dose rates rapidly change
near the edges of houses within a distance of several meters
because of the uncontaminated effect described in Appendix A. In
Japan, houses are aligned very close to their neighboring houses,
particularly in residential areas, and face the public roads and
streets, as in Fig. 2a and b. Thus, such roads and streets as well as
yards and front porches would be subject to the inﬂuence of un-
contaminated effect because of the proximity of uncontaminated
areas. However, such data, except for those for yards and front
porches of privately owned areas, were included when calculating
the area-averaged outdoor dose rates.3. Results and discussion
3.1. Two-dimensional distributions of air dose rates around houses
via man-borne survey
Two-dimensional distributions of air dose rates within a 100-m
radius from the target houses in the areas shown in Fig. 2 are shown
in Fig. 4. The area-averaged values and standard deviations in
Fig. 4a and b were 0.25 ± 0.06 (nd ¼ 130, where nd is the number of
measurement data points of the air dose rate within a 100-m
radius) and 0.24 ± 0.05 (nd ¼ 86) mSv h1, respectively. The mini-
mum and maximum values (residential and rural) were 0.13 and
0.40 mSv h1 and 0.13 and 0.39 mSv h1, respectively. The co-
efﬁcients of variation, expressed as a ratio of the standard deviation
for the area-averaged residential and rural values, were 0.24 and
0.21, respectively. The coefﬁcient of variation for each house was
0.27 ± 0.05 (n ¼ 192). These results indicate that it is difﬁcult toFig. 4. Two-dimensional distributions of air dose rates around houseschoose a reference site because of the local variation in air dose
rates. Hence, the air dose ratemeasured at a single placemay not be
representative of that around a target house even though such data
from monitoring posts have often been used as regionally repre-
sentative values.3.2. Dose reduction factors for wooden and lightweight steel
construction houses
Fig. 5 shows comparisons of the air dose rates (mSv h1) inside
wooden and lightweight steel construction houses with those
outside the houses for a) the ﬁrst ﬂoor (n ¼ 148) and b) the second
ﬂoor (n ¼ 80). The regression line of the scattered plots is indicated
by a red line in each ﬁgure. The background dose rates due to
natural radionuclides in the soils, speciﬁcally 40K, the 238U decay
series, and the 232Th decay series, have not been eliminated from
the air dose rates either inside or outside the houses. The indoor/
outdoor dose ratio of the natural background was estimated to be
1.02 for a wooden house by Abe et al. (1984) by considering a world
trend in the preponderant areas of wooden houses (UNSCEAR,
2000). A dashed black line with a slope of 1.02 has been added to
each ﬁgure. These plots for the light construction category show a
positive correlation between air dose rates inside the houses and
around the houses, although the coefﬁcients of determination are
not very high. Furthermore, it is clear that the plots ﬂuctuatewidely
around the regression line. This ﬂuctuation is considered to be due
to many different factors such as the size and shape of the house;
construction materials, which act not only as a shield but also as
gamma-ray sources; and surrounding environment. It could also be
partly due to the fact that the inhabitants were given some
discretionary choice concerning the installation positions of the
OSL dosimeters in the house. Furthermore, Iyogi et al. (2002)
pointed out the potential for an increase in the air dose rates in a
house with stucco walls containing natural radionuclides. Thus,
installation positions are also an important factor to consider with
regard to the ﬂuctuations in the dose rates for Japanese-style
wooden houses due to the uncontaminated effect combined with
the source effects from stucco walls. The regression line, which has
a slope-intercept form, is believed to arise from the natural back-
ground, as discussed later. The regression coefﬁcient on the second
ﬂoor was steeper than that on the ﬁrst ﬂoor. As seen in Appendix A,
the reduction in the effect of the indoor dose rate on second ﬂoors
due to the uncontaminated effect weakens with height, and this is
the reason for the steeper regression in the second ﬂoor data.within a 100-m radius for a) residential areas and b) rural areas.
Fig. 5. Relation of air dose rates in houses and those around the houses for wooden and lightweight steel (light) construction materials for a) the ﬁrst ﬂoor (n ¼ 148) and b) the
second ﬂoor (n ¼ 80).
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give large dose reduction factor values. If there is any contribution
from roof sources to the air dose rates inside a house, the contri-
bution should change with distance from the roof. The air dose
rates (mSv h1) on the ﬁrst ﬂoor of one-story houses (n ¼ 44) and
those of two-story houses (n ¼ 104) are separately shown in Fig. 6.
The value of the regression coefﬁcient for the two-story houses was
smaller than that for the one-story houses. This difference suggests
that there exists some contribution to air dose rates from roof
contamination. This is one of the factors that increase the dose
reduction factors on second ﬂoors. It should be noted that the roof
sources increase the air dose rates within a house.
The intersection point between the regression line (the red solid
line) and the indoor/outdoor dose ratio from the natural back-
ground (the black dashed line) in Fig. 5 are believed to correspond
to the average air dose rates fromnatural radionuclides, such as 40K,
the 238U decay series, and the 232Th decay series. The obtained
average air dose rates from the intersection point of that of the ﬁrstFig. 6. Air dose rates on the ﬁrst ﬂoors of one-story houses (n ¼ 44) and two-story
houses (n ¼ 104) compared with those around the houses for wooden and light-
weight steel (light) constructions.ﬂoor was 0.056 mSv h1. That must be a point on the black dashed
line by deﬁnition of the indoor/outdoor dose ratio. The average
value of the outdoor dose rates from the natural background in the
Fukushima Prefecture was estimated to be 0.059 mSv h1, after
subtracting 0.032 mSv h1 (z3.4 mR h1) because of cosmic rays
from the total mean value of 0.090 mSv h1 (z9.7 mR h1) (Abe
et al., 1981). The values estimated for individual major locations
in the prefecture from the study by Abe et al. are 0.054, 0.055,
0.063, 0.083, and 0.049 mSv h1 at Iwaki City, Koriyama City, Shir-
akawa City, Tamura City, and Hirono Town, respectively. The pre-
sent average natural dose rates falls within the range of the values
obtained from results by Abe et al. The value of intersection point in
Fig. 6 of the second ﬂoor was 0.036 mSv h1. According to the
UNSCEAR report (1977), the indoor/outdoor dose ratio from the
natural background on the second ﬂoor would be smaller than that
on the ﬁrst ﬂoor. This fact doses not contradict our data.3.3. Dose reduction factors for reinforced steel-framed concrete
houses
Fig. 7 shows the relation of air dose rates (mSv h1) in reinforced
steel-framed concrete houses to those around the houses, for a) the
ﬁrst ﬂoors (n ¼ 13) and b) ﬂoors above (n ¼ 20). The background
dose rates due to natural radionuclides in soil and concrete (con-
struction materials) have not been eliminated from either air dose
rate. The air dose rates inside the houses did not show a correlation
with those around the houses. The indoor air dose rates on the ﬁrst
ﬂoor and on the upper ﬂoor ranged from 0.055 to 0.12 mSv h1 and
0.033 to 0.094 mSv h1, respectively. The average values, which
were slightly higher than those obtained in the previous section,
were 0.081 and 0.070 mSv h1, respectively. UNSCEAR reported that
outdoor radiation from natural radionuclides in the soils is almost
completely shielded by the walls of heavy materials such as ma-
sonry and concrete (UNSCEAR, 1977 and references therein).
Burson and Proﬁo (1977) called attention to the presence of doors
and windows (openings) for concrete buildings because their
densities are lower than that of concrete. Despite the higher
shielding effects of heavy construction materials, the construction
materials themselves contain natural radionuclides that act as a
source of radiation. Therefore, air dose rates in a house cannot be
related to those around the house unless the constructionmaterials
are of local origin or of the same natural radionuclide content. For
concrete buildings, indoor dose rates of 0.083 mSv h1 would be
Fig. 7. Comparison of air dose rates in houses with those around the houses for reinforced steel-framed concrete (heavy) materials for a) the ﬁrst ﬂoor (n ¼ 13) and b) ﬂoors above
the ﬁrst ﬂoor (n ¼ 20).
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dose rates on the ﬁrst ﬂoor (0.056 mSv h1) obtained in the previous
section from an indoor/outdoor dose ratio of 1.48 for concrete
houses (UNSCEAR, 1988 and references therein). The data obtained
in our study do not contradict this fact.4. Conclusions
Measurements of air dose rates for 192 houses in less contam-
inated areas (<0.5 mSv h1) of the Fukushima Prefecture in Japan
were performed using OSL dosimeters and KURAMA-II, to clarify
the relationship between air dose rates inside and outside houses.
The indoor dose rates were obtained in living rooms and/or bed-
rooms, where inhabitants generally spend amajor part of their time
in their daily lives. The outdoor dose rates were determined from
detailedmeasurement data at intervals of several meters via aman-
borne survey around the house, as a realistic approach for assessing
local variation. The air dose rates, including background dose rates
from natural radionuclides in the soil, were summarized as dose
reduction factors for wooden and lightweight steel construction
houses (classed as light), and for reinforced steel-framed concrete
houses (classed as heavy).
For the light houses, the air dose rates inside and outside the
houses showed a positive correlation, and the slopes of the
regression lines, which were interpreted as the dose reduction
factors excluding the contribution from natural radionuclides, for
the ﬁrst and second ﬂoors were 0.38 and 0.49, respectively. Air dose
rates inside the houses were lower than those outside, even though
the shielding ability of light construction materials is typically low,
because a certain amount of uncontaminated area lies under the
houses (the so-called uncontaminated effect). The dose reduction
factor on the second ﬂoor was found to be higher than that on the
ﬁrst ﬂoor because the reduction by the uncontaminated effect
weakens with height and because deposited radionuclides on the
roof increase the indoor dose rates. The contribution from roof
sources was conﬁrmed by comparisons of results from the ﬁrst
ﬂoors of one-story and two-story houses. It was conﬁrmed that the
contribution from natural radionuclides must be separately
considered when we apply dose reduction factors for less
contaminated areas.
For the heavy houses, the dose rates in the houses did not show
an obvious correlation with those outside the houses. The indoor
dose rates on the ﬁrst ﬂoor and on the upper ﬂoors ranged from
0.055 to 0.12 mSv h1 and from 0.033 to 0.094 mSv h1, respectively.Although the existence of uncontaminated areas below the houses
is considered to cause the uncontaminated effect even for houses
built with heavy construction materials, this effect cannot be
distinguished from the shielding abilities of the construction
materials.
The dose reduction factors were found to ﬂuctuate signiﬁcantly.
The ﬂuctuations for the dose reduction factors are believed to
depend on the individual circumstances in each house, such as the
size and shape, construction materials, position (including height),
ﬂoor number, total number of ﬂoors, and surrounding environ-
ment. For the light houses, the roof sources, stucco walls, and
outdoor artiﬁcial structures are also variable factors. For heavy
houses, the behavior of the materials as both sources and shields
plays an important role. In particular, it should be noted that air
dose rates near a house, such as those in the yard or on a front
porch, are inﬂuenced by the uncontaminated effect.
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Appendix A. The uncontaminated effect
An important reason why air dose rates inside a house built of
lightweight materials, such as wooden and lightweight steel con-
structions, in an area contaminated by fallout are smaller than
those outside the house is that the patch of ground under the house
is not contaminated (i.e., a certain size of uncontaminated area is
protected) and gamma-rays are not emitted from the ground. In
this study, this effect is referred to as the “uncontaminated effect.”
The spatial distributions of air dose rates around the boundary
between a contaminated area and an uncontaminated area show
characteristic changes due to the long mean free path in air of
gamma-rays emitted from radioactive nuclides. Although we can
observe reductions in air dose rates from the inside of a house
compared with those from the outside in the real world, it is
Fig. A1. Calculation geometry with an inﬁnite, smooth plane of soils.
Fig. A2. Spatial distributions of air dose rates at 1 m height above the ground around
the boundary between the area contaminated by 137Cs (A ¼ 100 Bq cm2 and
b ¼ 1.0 g cm2) and the uncontaminated area, with radius R of 3, 5, or 10 m calculated
using the PHITS code. The uniform density of the soil r is 1.6 g cm3.
Fig. A3. Spatial distributions of the air dose rates at 0.1, 0.5, 1.0, 2.0, and 5.0 m height
above the ground around the boundary between the area contaminated by 137Cs
(A ¼ 100 Bq cm2 and b ¼ 1.0 g cm2) and the uncontaminated area with a radius R of
5 m calculated using the PHITS code. The uniform density of the soil r is 1.6 g cm3.
N. Matsuda et al. / Journal of Environmental Radioactivity 166 (2017) 427e435434extremely difﬁcult to distinguish when this reduction is due to the
uncontaminated effect rather than other factors. Therefore, the
spatial distributions of air dose rates around the house boundaries
were calculated using the Particle and Heavy Ion Transport code
System (PHITS; Sato et al., 2013) under hypothetical source situa-
tions. The calculation geometry with an inﬁnite, smooth plane of
soils is shown in Fig. A1 based on the hypothetical situations
deﬁned by Burson and Proﬁo (1977). The uniform density r of
1.6 g cm3 and the composition of the soil follow those by
Eckerman and Ryman (1993). The details of the source conditions
are as follows: (i) 137Cs is included as a source of mono-energetic
gamma-rays, (ii) there is a horizontal distribution of 137Cs at with
a uniform inventory A of 100 Bq cm2 within a 1000-m radius
(semi-inﬁnite), (iii) the vertical distribution in the soil exponen-
tially decreases with the mass depth (g cm2), (iv) the relaxation
depth b (ICRU, 1994) of 1.0 g cm2 is used as an index of the vertical
distribution, and (v) uncontaminated areas, with radius R of 3, 5, or
10 m, are assumed under the ﬂoors of houses. The relaxation depth
is the mass depth at which the concentration (Bq kg1) of radio-
active cesium reduces to 1/e of the concentration at the ground
surface. It should be noted that a physical house is not included in
detail, whichmeans that the resulting air dose rates are caused only
by the uncontaminated effect and not by the shielding effects of the
construction materials of the house. The calculation results for air
dose rates are shown in Fig. A2 at a height of 1 m above the ground,
with the radial distance from the center corresponding to that of
the uncontaminated area. In this ﬁgure, the minimum values of the
air dose rate with radius R of 3, 5, or 10 m, which was found at a
radial distance of 0 m from the center of the uncontaminated area,
was 1.3,1.0, and 0.73 mSv h1, respectively. The air dose rates rapidly
changed around the boundaries (i.e., the hypothetical house walls).
Beyond the boundaries, the air dose rates were still reduced, even
in the contaminated area. The maximum value was 2.0 mSv h1 at a
radial distance of over 20 m. In general, dose reduction factors are
expressed as ratios of the air dose rate at the center of a house to
that in the neighborhood where there are open ﬁelds with undis-
turbed soil. Normally lawns or meadows are deﬁned as reference
sites, as done by Meckbach and Jacob (1988). The ratio is deﬁned as
theminimumvalues over the maximumvalues in the calculation as
the speciﬁc place with the maximum values corresponds to the
reference site. This result indicates that the uncontaminated effect
can cause a certain level of dose reduction for houses, even though
the shielding ability of light construction materials is typically low.
We can also observe that air dose rates within a contaminated
area in the real world decrease with height. In contrast, the air dose
rates within an uncontaminated area tend to increase with height.
To identify the characteristics of the change with height, spatial
distributions for air dose rates with the different heights were
calculated using the PHITS code under the same source situation
shown in Fig. A1. However, only the uncontaminated area within a
5-m radius was used. In Fig. A3, the minimum air dose rates at 0.1,
0.5, 1.0, 2.0, and 5.0 m height, in the center of Fig. A1, were 0.48,
0.80, 1.0, 1.3, and 1.5 mSv h1, respectively. Thus, the uncontami-
nated effect seems to weaken with height. This tendency of the
height can be understood to be due to the balance between the
distance (solid angle) from each fallout source and the extent of the
effective contributing radius (area) of direct and quasi-direct
gamma-rays to the air dose rates.
In these calculations, it was found that the existence of uncon-
taminated areas reduced the air dose rates. This effect was not
conﬁned to an uncontaminated area and can be easily expanded
horizontally and vertically. Therefore, the variety in house sizes and
shapes and in the positions of the dosimeters (including their
height) will greatly contribute to ﬂuctuations in the air dose rate
within a house because of this uncontaminated effect.
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